This study characterized the additional chromosomal abnormalities (ACA) associated with 11q23 rearrangements in 450 infants and children with acute lymphoblastic leukemia (ALL) and examined the impact of these ACA on survival. Overall, 213 (47%) cases had ACA but the incidence varied according to patient age and 11q23 subgroup. Infants and patients with t(4;11)(q21;q23) had the lowest incidence of ACA (50/182 (27%) and 57/216 (26%) respectively), whereas patients with del(11)(q23) had the highest incidence (66/93 (71%)). Del(11)(q23) abnormalities were heterogeneous and occasionally secondary to t(9;22)(q34;q11.2). Thus, patients with del(11)(q23) comprised a separate biological entity, which was clearly distinct from those with an 11q23 translocation. The most frequent specific ACA were trisomy X (n ¼ 38), abnormal 12p (n ¼ 32), abnormal 9p (n ¼ 28) and del(6q) (n ¼ 19). The presence of ACA did not change the 5 year event-free survival estimates among children (56% (95% CI 46-65%) vs 62% (54-69%)) or infants (22% (15-29%) vs 18% (9-29%)), nor when the different 11q23 subgroups were analyzed separately. This study has conclusively demonstrated that there is no prognostic effect of secondary chromosomal changes in association with 11q23 abnormalities in childhood ALL. However, characterization of these ACA is important to determine their potential role in initiation of MLL driven leukemogenesis.
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Introduction
Acquired chromosomal changes are important predictors of outcome in childhood acute lymphoblastic leukemia (ALL) and are increasingly being used to direct therapy. Patients with ALL and 11q23 abnormalities are generally considered to have a poor prognosis; however, this poor prognosis has been shown to be restricted to patients with rearrangements of the MLL gene. 1, 2 Evidence suggests that outcome varies according to the type of MLL rearrangement, the age of the patient or both. For example, in ALL with a t(4;11)(q21;q23), the most frequent 11q23 translocation in ALL, patients aged between 2 and 9 years have an improved overall survival estimate compared with that of other age groups. 3 The prognosis of infants (younger than 1 year) appears to be uniformly poor regardless of the type of MLL rearrangement, 4 whereas among patients with t(11;19)(q23;p13.3), those with T-lineage ALL have survival estimates greater than those of patients with B-lineage ALL patients. 5, 6 Most studies investigating the prognostic effects of 11q23 abnormalities in ALL have focused on specific MLL rearrangements with less consideration of the impact of secondary or additional chromosomal abnormalities (ACA). Although no association has been found between survival and ACA, each study analyzed fewer than 50 patients, was restricted to t(4;11)(q21;q23) or both. 3, [7] [8] [9] [10] [11] The aim of the present study was to characterize the ACA in a large cohort of children with ALL who have been found, by cytogenetic or molecular methods, to have a translocation or deletion involving 11q23 and to assess whether the ACA provide any additional prognostic information.
Patients and methods

Study population
A total of 514 patients with a cytogenetically visible 11q23 abnormality, a molecularly defined MLL rearrangement or both were enrolled on studies of one of 12 cooperative study groups or single institutions in Europe and the United States: 4, 6 and the Nordic Society of Pediatric Oncology and Hematology (NOPHO) (n ¼ 17). 12 Some of the cases included in this data set were also part of the European Concerted Action Workshop on 11q23. 3, 5, 13, 14 All patients had a confirmed diagnosis of ALL and started treatment between 1983 and 1995. The median length of follow-up was 7 years 1 month; the range was from 1 year 6 months to 16 years 8 months.
Cytogenetic classification
All karyotypes were reviewed and described in accordance with the guidelines of the International System for Human Cytogenetic Nomenclature. 15 This cohort of 514 patients comprised (n ¼ 9), t(10;11)(p12;q23) (n ¼ 11), t(1;11)(p32;q23) (n ¼ 6), t(6;11)(q27;q23) (n ¼ 3). There was breakpoint heterogeneity among the cases described with deletion of 11q23: del(11)(q23) (n ¼ 55), del(11)(q12B14q23) (n ¼ 20), del(11)(q21B22q23) (n ¼ 15) and del(11)(q23q24B25) (n ¼ 5). Only those 450 cases with complete karyotypes were evaluated for the presence of ACA. An ACA was defined as any clonal structural or numerical chromosomal change that accompanied the 11q23 rearrangement, whether present in all cells or restricted to a subpopulation. Three-way translocations involving 11q23 were classified as ACA because at least one locus in addition to those involved in the initial translocation was involved. These additional loci were identified according to the principle that the derived chromosome 11, der(11), was the important translocation product. 16 Thus, der(11) and the usual partner chromosome were classified as the 11q23 translocation, whereas the third partner chromosome was classified as an ACA.
Statistical analysis
The distribution of cases across different categories was analyzed using the w 2 test. Since age was the most important risk factor in our previous study 4 infants (o1 year) and children (41 year) were considered separately. The principal end point was event-free survival (EFS), which was measured from the start of treatment to the time of the first adverse event, whether relapse or death. This analysis included patients who failed to achieve a complete remission and those who died while their ALL was in remission. Patients who did not suffer an event or die during the follow-up period were censored at the date of last contact. Kaplan-Meier life tables and curves were constructed using the log-rank method. 17 The observed:expected (O:E) ratios were from unadjusted log-rank tests that compared two groups. All statistical analyses were performed by using Intercooled Stata v7 (Stata Corporation, College Station, TX, USA).
Results
Presenting clinical and biological features by type of 11q23 abnormality
In this study, 450 (88%) of the 514 patients with ALL and an 11q23 abnormality had a complete karyotype ( Table 1 ). The 64 Table 1 Clinical and biological features of patients with acute lymphoblastic leukemia grouped by 11q23 abnormality Only those cases with a complete karyotype were assessed for the presence of an additional chromosomal abnormality.
Additional chromosomal abnormalities in 11q23 ALL AV Moorman et al cases with incomplete karyotypes were significantly more likely to be infants, have a higher white blood cell (WBC) count and have t(4;11) (all three Po0.01). In total, 51 (80%) of these patients had a t(4;11) or MLL-AF4 fusion.
In 237 (53%) of the 450 cases with complete karyotypes, the 11q23 rearrangement was the sole chromosomal abnormality observed, whereas in the remaining 213 (47%) cases it was associated with at least one ACA. The incidence of ACA was not uniform across the different 11q23 subgroups (Table 1) . Patients with a t(4;11) had a significantly lower incidence of ACA (26%) compared with other subgroups, both individually and collectively (Po0.01). The incidence of ACA varied in relation to other variables, including age, WBC count and immunophenotype, although no gender bias was observed. Infants had a lower incidence of ACA than children (50/182 (27%) vs 163/268 (61%), Po0.01). Although the incidence of t(4;11) was higher among infants than children (123/182 (68%) vs 93/268 (35%), Po0.01), the incidence of ACA in infants with t(4;11) was significantly lower than among children with t(4;11) (23/123 (19%) vs 34/93 (37%), Po0.01). The incidence of ACA was higher in patients with a lower WBC count ( Â 10 9 /l) (o50: 110/ 172 (64%) vs 450: 103/277 (37%), Po0.01). However, this difference was probably due to the high proportion (65/93 (69%)) of patients with a del(11)(q23), which was associated with a WBC count of o50 Â 10 9 /l. The incidence of ACA among T ALL cases (27/40, 68%) was higher than those with B-lineage ALL (170/372, 46%) (Po0.01).
Type and number of ACA
Among the 213 patients with ACA, a total of 72 (34%) had both structural and numerical abnormalities, while 93 (44%) and 48 (23%) cases respectively had either structural or numerical abnormalities. The only correlation between the type of ACA and 11q23 subgroup was a higher incidence of structural abnormalities in patients with del(11)(q23) compared with the remaining cases: 61/66 (92%) vs 104/147 (71%), Po0.01. Excluding the handful of cases (n ¼ 13) with high hyperdiploidy, the majority of cases with ACA had just one or two ACA (142/ 200, 71%) ( Table 2 ). The proportion of cases with three or more ACA was significantly greater among those with del(11)(q23) (29/61, 48%) compared with the remaining cases (29/139, 21%) (Po0.01). Table 2 Types of recurrent additional chromosomal abnormalities and their relation to types of 11q23 abnormality There were a total of eight cases with t(4;11) and an abnormality of 7p. The other five were: inv(7)(p21q32), inv(7)(p13q32), t(2;7)(p11;p13), add(7)(p?), and t(4;11;7)(q21; q23;p13).
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Numerical chromosomal changes
A total of 120 (56%) of the 213 cases with ACA had numerical chromosomal abnormalities, of which 72 (60%) also had a structural chromosomal abnormalities. Chromosome X was the most commonly gained (n ¼ 49), followed by trisomies 21 (n ¼ 22) and 8 (n ¼ 15). These three chromosomes remained the most frequently gained even when the high hyperdiploid karyotypes (n ¼ 13) were removed: þ X (n ¼ 38), þ 8 (n ¼ 10), þ 21 (n ¼ 10). A total of 18 (32%) of the 57 cases with t(4;11) and ACA had gained a chromosome X and only two of these were within the context of a high hyperdiploid karyotype. Among 26 cases with t(11;19) and ACA, 12 (46%) had gained a chromosome X while a further four (15%) had trisomy 8; none of these cases had high hyperdiploidy. In contrast, there appeared to be no pattern to the gain of other chromosomes. Monosomy occurred less frequently than trisomy; only 19 (16%) of the 120 cases with a numerical ACA had a modal chromosome number of fewer than 46. The most prevalent monosomy was that of chromosome 21; del(11)(q23) was present in three of the six cases with monosomy 21.
Structural chromosomal changes
Structural chromosomal abnormalities were observed in 165 (77%) of the 213 patients with ACA, of which 72 (44%) also had numerical abnormalities. Overall, patients with del(11)(q23) accounted for 61 (37%) of the 165 patients with structural ACA. Abnormalities involving 12p were the most common structural changes (n ¼ 32); nearly two-thirds of these (n ¼ 21) occurred in patients with del(11)(q23) (Figure 1 ). Among cases with balanced and unbalanced 11q23 translocations, 9p (n ¼ 18) was the chromosome arm most frequently involved chromosome arm in ACA followed by 6q (n ¼ 11), 7p (n ¼ 11), 12p (n ¼ 11) and 14q (n ¼ 10). Among 16 cases with three-way or complex translocations, 18 additional chromosomal regions were described. Only two (2p21 and 15q22) were recurrent, seen in two cases each, although the 11q23 partner chromosome was different in each case.
The types of abnormality involving 12p, 9p and 6q were often recurrent and frequently associated with del(11)(q23): 21/32 (66%) patients with a 12p ACA had a del(11)(q23) ( Table 2) .
Four patients had t(9;22)(q34;q11.2), three had del(11)(q23) while the fourth was a high hyperdiploid karyotype with an add(11)(q23); the MLL gene status was not known for these cases. Several recurrent ACA were associated with t(4;11), albeit in small numbers of patients (Table 2) . In blast cells with ACA, there were no additional copies of the der(11) and extra copies of the derivative partner chromosome were rare: three cases with t(4;11) had an additional copy of der(4)t(4;11).
Prognostic associations of ACA
We previously reported that age was an independent risk factor among patients with 11q23 abnormalities. 4, 6 Therefore, in this study, outcome in infants (o1 year) and children (41 year) was evaluated separately. The median follow-up time was in excess of 7 years. Follow-up was available for all except two children. The 5-year EFS estimate for infants (n ¼ 220) was significantly lower than that of children (n ¼ 292): 21% (95% CI, 16-26%) vs 58% (52-63%), Po0.0001. There was no difference in EFS estimates between those infants with (n ¼ 182) and without (n ¼ 38) assessable karyotypes (data not shown). However, children with incomplete karyotypes (n ¼ 26) had a worse EFS estimate compared with those with complete karyotypes (n ¼ 266) (Table 3 ). This difference in survival estimates is probably due to the proportion with t(4;11): among the 26 children without assessable karyotypes 20 (77%) had t(4;11)/ MLL-AF4 compared with 93/266 (35%) among children with a complete karyotype.
The presence of ACA did not significantly alter the 5-year EFS estimates of infants with an assessable karyotype (n ¼ 182). The estimates for infants with (n ¼ 50) and without (n ¼ 132) ACA were 18% (9-30%) and 22% (15-29%) respectively (Table 3, Figure 2 ). Similarly, no significant difference was observed between the 5-year EFS estimates of the 162 children with ACA (62% (54-69%)) and the 104 children with 11q23 as the sole abnormality (57% (46-65%)) (Table 3, Figure 2 ). The presence of ACA was not associated with outcome when the various 11q23 abnormalities were considered separately within either age category (Table 3) . Overall survival was not affected by the presence or absence of ACA (data not shown).
The likelihood of detecting ACA is positively correlated with the number of metaphases analyzed. Thus, those cases without Figure 1 Distribution of structural additional chromosomal abnormalities by chromosome arm among 165 cases with acute lymphoblastic leukemia and an 11q23 abnormality.
ACA (n ¼ 237) were categorized into three groups according to the total number of metaphases analyzed: (a) fewer than 20 (n ¼ 60); (b) 20 or more (n ¼ 65) and (c) unknown (n ¼ 112). The group with 20 or more analyzed metaphases was the least likely to contain misclassified cases (i.e. those with undetected ACA). The 5-year EFS estimate for infants with ACA (n ¼ 50) was then compared with only those infants without ACA whose cytogenetic analysis comprised 20 or more metaphases (n ¼ 40). No difference in 5-year EFS estimates was detected (data not shown). Similarly, no difference in 5-year EFS estimates was observed when the children with ACA (n ¼ 162) were compared with the children without ACA (n ¼ 25) whose cytogenetic analysis comprised 20 or more metaphases (data not shown).
Prognosis was not associated with the number of ACA nor the presence of the following specific ACA: gains of chromosomes X, 8 or 21, abnormalities of 9p, deletions of 6q or high hyperdiploidy (data not shown). However, children with a 12p abnormality (n ¼ 31) had a significantly improved outcome when compared with children with other ACA (n ¼ 132) (O/E ¼ 0.37 vs O/E ¼ 1.18, P ¼ 0.008) and all children with assessable karyotypes (n ¼ 237) (O/E ¼ 0.34 vs O/E ¼ 1.10, P ¼ 0.007). Most children with ACA involving an abnormal 12p were in the del(11)(q23) subgroup: 21 out of 31 (68%).
Discussion
This study is the largest, to date, to characterize the range of ACA associated with rearrangements of 11q23 and to assess the impact of these ACA on the survival of infants and children with ALL. Previously an assessment of this type has been difficult to conduct, because abnormalities involving the chromosomal band 11q23 are heterogeneous at the molecular level, in that they may or may not involve a rearrangement of the MLL gene. 2 Translocations that involve MLL are also heterogeneous, as the MLL gene can be rearranged with a large number of fusion partners. 18 In this study, the MLL status of a number of cases remained unconfirmed by molecular techniques; this applied in particular to patients with a del(11)(q23). Therefore, it seemed appropriate to analyze this group separately from the groups with known translocations of MLL.
In this large collaborative study, approximately half of the karyotypes that could be assessed showed evidence of additional cytogenetic aberrations. It was noteworthy that the percentage varied according to age and the type of 11q23 abnormality. The largest group of patients had t(4;11) and, although they had a low incidence of ACA, we found several distinctive recurrent secondary abnormalities. These included the gain of chromosome X and abnormalities involving 1p, 7p and 17p, all of which were consistent with previous reports. 3 The second significant group of patients had t (11;19) . The recurrent gain of chromosomes X and 8 in association with this translocation also agreed with previous reports. 5 Patients with del(11)(q23), which are the least likely to have MLL gene rearrangements, had the highest incidence of ACA, which included other frequently recognized chromosomal abnormalities in childhood ALL. Abnormalities of 12p, 9p and 6q were present in a considerable proportion of del(11)(q23) cases and three had t(9;22)(q34;q11.2). It is likely that in these Philadelphia chromosome positive cases the del(11)(q23) was a secondary chromosomal change, which has been reported as such in approximately 4% of childhood ALL. 19 Deletions of 11q have been reported in approximately 5% of cases with a t(12;21)(p13;q22). 20 The strong association between abnormalities involving 12p and t(12;21) 20 suggests that this cryptic translocation may occur among the del(11)(q23) patients presented here. Although this proposal has not been tested due to lack of molecular analysis, it is supported by our analysis, which showed that children in this study with an abnormality of 12p had a superior 5-year EFS estimate. The heterogeneity of the del(11)(q23) group and the possibility that several of these deletions were themselves secondary changes highlight the need to analyze this group separately.
Neither the overall presence nor the specific type of ACA had an impact on 5-year EFS estimates for the whole population or for the various 11q23 subgroups. This result agrees with those of previous smaller studies, many of which focused on t(4;11). 3, [7] [8] [9] [10] [11] It was of interest to note that children (41 year) with incomplete karyotypes had a worse EFS estimate than did those with complete karyotypes. This difference was probably due to the identification of MLL-AF4 fusion by molecular screening in a high proportion of children with incomplete karyotypes (80%). This finding further supports our previous observation that children with a t(4;11) have a poorer outcome than those with other 11q23 abnormalities. 4, 6 There are two principal difficulties in studying the effects of ACA on the survival of patients with an 11q23 abnormality detected by conventional cytogenetic techniques: firstly, lack of statistical power as these aberrations are infrequent and, secondly, the absence of ACA is difficult to accurately determine. Whereas those cases with ACA were clearly evident, determining whether ACA were not present was more complicated. The accurate classification of cases into the group without ACA depended on the number of metaphases analyzed, which in turn was related to the quality of the preparation and to the proportion of dividing cells. In order to increase the validity and reliability of our findings, we repeated the analysis excluding cases from the group without ACA if the cytogenetic analysis was based on fewer than 20 metaphases. The main shortcoming of the present study was that the patients originated from multiple centers; hence, they were not uniformly treated, nor were the cytogenetic analyses performed to a common standard.
Owing to the rarity of infant ALL and childhood ALL with 11q23 abnormalities single institutions rarely accumulate sufficient cases for an in-depth study. Therefore, multicenter collaborative projects are the only way to address such issues. To accurately assess survival in relation to karyotype, we restricted the analysis to cases with complete karyotypes described according to the international standard; thus, variation in the reporting of chromosomal abnormalities was eliminated. Although the patients were not uniformly treated, they were all treated with curative intent, with approximately 90% treated on high-risk protocols. 4 The results of this large study confirm the lack of prognostic effect associated with ACA in infants and children with ALL and an 11q23 rearrangement. We clearly demonstrated the differences in the spectrum of ACA associated with MLL translocations vs deletions of 11q23. These observations emphasized the distinction between cases with MLL rearrangements and those with only a cytogenetically visible 11q23 abnormality, but no proven involvement of the MLL gene. An unresolved issue is the relative prognosis associated with different MLL translocations. Although we have previously reported a significant difference in survival between subgroups among of children with 11q23 abnormalities, 4 the analysis included patients with deletions and a relatively small number of cases with MLL translocations other than t(4;11). This question needs to be addressed in a larger cohort of patients with confirmed 11q23/MLL rearrangements. Although the t(4;11) alone may be sufficient to induce leukemogenesis in infants, 21 further characterization of secondary cytogenetic and genetic abnormalities, for example FLT3 mutations, 22, 23 may aid the search for so-called 'second hits' among children with MLL translocations.
